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Abstract. The tunnelling anisotropic magnetoresistance (TAMR) effect describes
the sensitivity of spin-polarized electron transport to the orientation of the
magnetization with respect to the crystallographic axes. As the TAMR effect requires
only a single magnetic electrode, in contrast to the tunnelling magnetoresistance effect,
it offers an attractive route towards alternative spintronics applications. In this work
we consider the TAMR effect at the single-atom limit by investigating the anisotropy of
the local density of states in the vacuum above transition-metal adatoms adsorbed on a
noncollinear magnetic surface, the monolayer of Mn on W(110). This surface presents
a cycloidal spin spiral ground state with an angle of 173◦ between neighbouring spins
and thus allows a quasi-continuous exploration of the angular dependence of the TAMR
of adsorbed adatoms using scanning tunnelling microscopy. Using first-principles
calculations, we investigate the TAMR of Co, Rh and Ir adatoms on Mn/W(110) and
relate our results to magnetization direction dependent changes in the local density of
states. The anisotropic effect is found to be enhanced dramatically on the adsorption of
heavy transition-metal atoms, with values of up to 50% predicted from our calculations.
This effect will be measurable even with a non-magnetic STM tip.
PACS numbers: 75.70.Tj, 73.20.-r, 71.15.Mb, 73.40.Gk
1. Introduction
Spin-dependent tunnelling between ferromagnetic electrodes separated by an insulating
barrier is the basis of many magnetic data storage technologies. Many of these
technologies are based on the tunnelling magnetoresistance (TMR) effect whereby
the current that flows through such a device is strongly dependent on the relative
magnetization of the magnetic layers due to the spin-dependent density of states.
Switching between parallel (P) and antiparallel (AP) alignment causes a change in
the device resistance [1, 2, 3]. TMR is generally defined as (IP - IAP) / IAP where IP
is the current through the junction with parallel magnetic alignment and IAP is the
current through the junction with antiparallel alignment. Using scanning tunnelling
microscopy (STM), where the role of the second electrode is played by a magnetic tip
2Figure 1. (Color online) Schematic of a route to measure a TAMR effect above a single
adatom coupled magnetically to an underlying substrate with a spin-spiral ground state
using a non-magnetic STM tip. Here, the spin-spiral state in a Mn monolayer on the
W(110) surface is used since it allows one to obtain out-of-plane (left), in-plane (right),
as well as intermediate spin directions in a quasi-continuous manner. (W atoms not
shown).
and tunnelling occurs through the vacuum rather than through an insulating layer,
it is possible to detect a TMR effect for even single magnetic adatoms on surfaces
[4, 5, 6, 7, 8, 9, 10, 11, 12]. Further to this, due to spin-orbit coupling, the resistance
can also depend on the magnetization direction relative to the crystallographic axes,
an effect which has been coined the tunnelling anisotropic magnetoresistance (TAMR)
effect [13]. The TAMR effect is a particularly attractive route for alternative spintronics
applications as only one ferromagnetic electrode is required and the effect does not
require coherent spin-dependent transport. The TAMR effect was first experimentally
observed in dI/dV measurements taken above the domains and domain walls of a
double layer of Fe on W(110) where the magnetization pointed out-of-plane and in-
plane, respectively [14]. TAMR effects were subsequently found in planar ferromagnetic
junctions [15, 16], tunnel junctions [13, 17, 18, 19] and mechanically controlled break
junctions [20]. The TAMR effect also allows the possibility of imaging noncollinear spin
structures on the atomic scale using STM with non-magnetic tips [21], although the
measured corrugation amplitudes were quite small. As the effect is driven by spin-orbit
coupling, attempts have been made to increase its magnitude by combining 3d and 5d
elements in bimetallic alloys [22] and with antiferromagnetic electrodes [23].
A microscopic understanding of the mechanisms governing the TAMR effect, and
in particular how it scales down to the atomic scale, can be achieved by considering the
limiting case of a single adatom. Serrate et al found evidence of spin-orbit related effects
in Co adatoms adsorbed on a Mn monolayer (ML) grown on a W(110) substrate [7].
This surface displays a spin spiral ground state with spins propagating along the [11¯0]
direction with an angle of ≈173◦ between neighbouring magnetic moments (see Fig. 1)
[24]. In this sense it acts as an atomic-scale noncollinear magnetic template so that
by moving adatoms laterally on the surface it is possible to control to a high degree
the spin direction of the adatom. The Co adatom couples ferromagnetically to the
underlying magnetic thin film via Heisenberg exchange, allowing for the spin to take any
3direction that is accessible in the Mn spin-spiral - not only those directions perpendicular
and parallel to the plane defined by the surface. STM line profiles along the [11¯0]
direction above a row of deposited Co adatoms showed that although the height above
the atomic centres followed an approximate cos θ profile as expected for the TMR effect,
where θ is the angle between the tip magnetization direction and the magnetization of
the respective Co adatom, better agreement could be achieved by including a small
percentage of the higher order correction cos2 θ. It was proposed that this correction
could be attributed to spin-orbit coupling, and in particular the TAMR effect. More
recently, Ne´el et al considered the change in electronic properties of a Co adatom
adsorbed on the domain or domain wall of a double layer Fe film grown on the W(110)
substrate [25]. They performed spectroscopy measurements on Co adatoms with out-of-
plane and in-plane magnetization direction and found a TAMR effect that repeatedly
changes sign as a function of bias voltage and with a magnitude as large as 12%. The
observed TAMR was explained based on a first-principles calculation of the anisotropy
of the local density of states in the vacuum.
Here, we propose to study adatoms on noncollinear spin structures in order to
explore the angular dependence and the magnitude of the TAMR. An advantage of
using a surface with noncollinear magnetic ordering is that the magnetization direction
of the adatom can be tuned almost continuously without requiring an external magnetic
field. This is achieved instead relying only on the local exchange interaction between the
adatom and the surface. We use first-principles calculations based on density functional
theory to investigate valence isoelectronic transition-metal adatoms of increasing atomic
number, namely Co, Rh and Ir, on a Mn monolayer on W(110) which displays a spin-
spiral ground state. We consider the two limiting cases of the spin direction, i.e., when
the magnetization direction points perpendicular to the surface and when it points in-
plane along the [11¯0] direction, as shown in Fig. 1. We find that the adsorption of such
adatoms can be used to enhance the spin-orbit coupling strength locally above a surface
and in doing so offers a route to the determination of whether or not a surface spin
structure displays noncollinearity using conventional STM with non-magnetic tips. In
particular, the TAMR is dramatically enhanced for heavy 5d transition-metal adatoms,
which become spin-polarized by the substrate.
This paper is organised as follows. After briefly presenting the computational
method and the details of the calculation, we proceed to describe the electronic structure
of the three adatoms adsorbed on the surface, focusing in particular on the vacuum
density of states and the subsequent TAMR effect. The origin of the TAMR effect is
explained within the framework of a simple model that considers the hybridization of
two atomic states at a surface via spin-orbit coupling. The final section summarizes our
main conclusions.
4Figure 2. (Color online) Top and perspective view of the employed supercell. Grey
spheres represent the W substrate atoms while the Mn atoms are depicted as red
(green) spheres with arrows that are parallel (antiparallel) to the magnetic moment
of the adatom (blue sphere). The nearest neighbour and next nearest neighbour Mn
atoms to the adatom are labelled nn and nnn, respectively. Collinear antiferromagnetic
ordering is assumed in all calculations. x and y refer to the notation used for the
labeling of the d-orbitals.
2. Methods & Computational Details
In this work, density functional theory calculations are performed using the vasp code
[26, 27]. The Perdew-Burke-Ernzerhof (PBE) [28] parametrization of the generalized
gradient approximation (GGA) is employed. The projector-augmented wave (PAW)
method [29] is used with the standard PAW potentials supplied with the VASP
distribution. The plane wave basis set is converged using a 400 eV energy cutoff.
Structural relaxations are carried out using a 6 × 6 × 1 k-point Monkhorst-Pack mesh
[30] to sample the three-dimensional Brillouin zone. Spin-orbit coupling is taken into
account as described in Ref. [31]. Here, 576 k‖-points are used in the full two-dimensional
Brillouin zone for the calculation of the local density of states (LDOS). The density of
states in the vacuum was determined by positioning an empty sphere at the required
height above the adatom onto which the DOS was projected.
The system is modelled using a symmetric slab consisting of 5 atomic layers W with
a pseudomorphic Mn layer on each side, as was found experimentally [32]. Due to the
long period of the spin spiral, the local magnetic order can be considered approximately
collinear, especially when considering its interaction with localised adsorbed adatoms.
We therefore approximate it as a two-dimensional antiferromagnet, using a c(2×2) AFM
surface unit cell, as shown in Fig. 2. The GGA calculated lattice constant of W is 3.17 A˚,
in good agreement with the experimental value of 3.165 A˚. The adatom has been added
on each Mn surface in the hollow-site position [7] and the minimum distance between
the adatoms in adjacent unit cells is 6.34 A˚ so that any interaction between them will be
negligibly small. Additionally, a thick vacuum layer of approximately 25 A˚ is included in
the direction normal to the surface to ensure no spurious interactions between repeating
slabs. The positions of the Mn atoms as well as the adatom are optimized until all
residual forces are less than 0.01 eV/A˚. In all cases the coordinates of the W atoms are
held fixed and the relaxed interlayer distance between Mn and W is found to be 2.08 A˚.
53. Results and discussion
3.1. Magnetic properties of adatoms on Mn/W(110)
In this section, we consider how hybridization between the chosen adatoms and the
surface modifies the magnetic properties of both. This is shown in Table 1. The magnetic
moment of a Mn atom in the Mn monolayer on the W(110) surface is ±3.5 µB. For the
case of a Co adatom, this moment is significantly reduced due to the adsorption of the
adatom, as the Co d states hybridize with dxz and dz2 states of the nearest neighbour Mn
atoms (not shown). The largest drop in moment occurs for the nearest neighbour Mn
atoms, where it is reduced by 0.9 µB. The Co adatom itself is found to have a magnetic
moment of +1.6 µB orientated parallel to that the nearest neighbour Mn atoms beneath
it when adsorbed on the surface in good agreement with Ref. [7]. This modification
Co Rh Ir
Adatom +1.6 +0.3 +0.2
Mn (nn) +2.6 +2.9 +2.8
Mn (nnn) −3.3 −3.4 −3.4
Mn (clean surface) ±3.5 ±3.5 ±3.5
Table 1. Magnetic moments, in µB, of the adsorbed Co, Rh and Ir adatoms and
the Mn atoms in the underlying Mn monolayer on W(110) (nn=nearest neighbour,
nnn=next-nearest neighbour with respect to the adatom).
of the magnetic moments is accompanied by a slight buckling of the Mn monolayer in
the vicinity of the adatom. This is shown in the first column of Table 2. The largest
displacements occur for the next nearest neighbour Mn atoms, which move towards the
adatom.
Rh and Ir are valence isoelectronic to Co, but are non-magnetic. Upon adsorption
on the Mn surface they develop a small magnetic moment due to their hybridization
with the magnetic Mn atoms. For the case of Rh, the adatom has a small magnetic
moment of 0.3 µB after adsorption which is orientated parallel to magnetic moments of
the row of Mn atoms beneath it along the [001] direction (See Table 1). The same is
true for the case of the Ir adatom which develops a small magnetic moment of 0.2 µB.
The buckling of the surface increases for the Rh and Ir adatoms with the next nearest
neighbour Mn atoms moving towards the adatoms in all cases.
3.2. Co adatoms on Mn/W(110)
We consider now the TAMR effect driven by the adsorption of a single magnetic
Co adatom on the Mn ML on a W(110) surface. Using the spectroscopic mode
of a STM, and within the Tersoff-Hamann model [33], the differential conductivity
6Co Rh Ir
d (Adatom - nn Mn) 2.26 2.38 2.37
d (Adatom - nnn Mn) 2.62 2.65 2.59
∆znn −0.07 −0.04 +0.05
∆znnn +0.07 +0.12 +0.13
∆x nn +0.02 −0.05 −0.08
∆y nnn +0.09 +0.12 +0.15
Table 2. Distance, in A˚, of Co, Rh and Ir adatoms from nearest neighbour (nn) and
next nearest neighbour (nnn) Mn atoms of the underlying Mn monolayer on W(110).
∆x, y, z gives the displacement, with respect to the clean surface, of the nn and nnn Mn
atoms after adatom adsorption in A˚. Positive (negative) values imply the Mn atoms
are moving towards (away from) the adatom.
(dI/dV ) is directly proportional to the local density of states (LDOS) at the tip
position, i.e. in the vacuum a few A˚ngstro¨m above the surface [34]. By measuring the
differential conductivity above an adatom with two different directions of magnetization
direction one can extract the TAMR, defined here as [(dI/dV )⊥ - dI/dV )‖] / (dI/dV )⊥.
Therefore, we can theoretically evaluate the TAMR by calculating the anisotropy of
the LDOS due to spin-orbit coupling. Fig. 3(a) illustrates the differences that occur
in the vacuum local density of states calculated above the Co adatom with different
magnetization directions, i.e., aligned to the [11¯0] direction (n‖(z, ǫ)) and perpendicular
to the surface (n⊥(z, ǫ)) at a height of z = 6 A˚ above the adatom. At first glance, both
curves appear very similar. However, several difference emerge on a closer look. The
most significant features are located at −0.75 eV, −0.1 eV and +0.1 eV with respect to
the Fermi energy (see inset of Fig. 3(a)). The anisotropy of the vacuum LDOS, i.e., the
TAMR, is then depicted in Fig. 3(b), defined here as:
TAMR =
n⊥(z, ǫ)− n‖(z, ǫ)
n⊥(z, ǫ)
(1)
It exhibits values from −16% to +10% with some of the largest peaks occurring at
the energies discussed previously. The large peak at −0.9 eV corresponds to an
enhanced LDOS of the in-plane magnetised adatom compared to that of the out-of-
plane magnetised adatom and results in a negative value of TAMR. Just below the Fermi
level a significant enhancement occurs for n⊥ compared to n||, whereas the reverse is
true just above the Fermi level. As the largest contribution to the LDOS in the vacuum
comes from states with dz2 symmetry (as well as s and pz), it follows that the largest
contribution to the TAMR will come from a modification of the dz2 states. This is
highlighted in Fig. 3(b) where the red dashed line shows the anisotropy of the Co
dz2 states at the atom. It is evident that the majority of the TAMR features in this
energy range originate from changes in the dz2 states upon the change of magnetization
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Figure 3. (Color online) (a) LDOS in the vacuum evaluated at 6 A˚ above the Co
adatom for spin-quantization axes aligned parallel to the [11¯0] direction (blue, dashed)
and perpendicular (red, solid) to the film plane. (b) TAMR effect of the data presented
in (a) according to Equation (1). The red dashed line refers to the anisotropy of the
LDOS at Co adatom considering only the dz2 states. (c) & (d) LDOS of the Co adatom
decomposed in terms of the orbital symmetry of the d-states. Solid (dashed) lines refer
to the magnetization direction pointing perpendicular (parallel) to the film plane.
direction due to the spin-orbit induced mixing of states. In order to determine these
contributions the magnetization-direction dependent Co DOS is shown in Fig. 3(c) and
(d). The majority states are almost entirely occupied so that the main contribution to
the DOS at the Fermi level comes from the minority states, and in particular states with
dyz and dxy symmetry. These states decay relatively quickly in the vacuum, in contrast
to the majority states which are mainly made up of the more slowly decaying s and dz2
states. As a consequence, the vacuum DOS is comprised mainly of majority states and
the pronounced peak exhibited by the minority spin states at the Co close to the Fermi
level is absent entirely in the vacuum. This behaviour has been observed before both
experimentally and theoretically [7]. The largest contribution to the TAMR at −0.9 eV
originates from spin-orbit induced mixing of these dz2 states with states of dx2−y2 and
dxz character whereas the peaks in the TAMR close to the Fermi level originate from
8interactions between the dz2 states and minority states of dxz and dyz symmetry.
3.2.1. Relating TAMR to the corrugation amplitude In an STM experiment the
tunnelling current measured above adatoms with two different magnetization directions
at a given bias voltage will be composed of a constant part, I⊥ or I‖, depending on the
contributing electronic states and a height dependent part so that I⊥(z) = I⊥e
−2κz⊥ and
I‖(z) = I‖e
−2κz‖ . In the limit of low bias voltages the decay constant can be written as
κ =
√
2mφ/~2 where φ is the apparent height of the tunnelling barrier. If we now define
the TAMR as
I⊥−I‖
I⊥
(i.e., using the current rather than the differential conductivity), we
find that the difference in tip-height between in-plane and out-of-plane magnetization
will be given as:
∆z = z⊥ − z‖ = − 1
2κ
ln(1− I⊥ − I‖
I⊥
)
This implies that a TAMR of 10% will give change in tip height of about 5 pm between
an adatom with an out-of-plane and an in-plane magnetization direction, the magnitude
of which agrees well with the experimental data reported in Ref. [7].
As an aside, we note here the implications of experimentally extracting the TAMR
from the current measurements. As this method integrates all states within the bias
window, it is possible that as the bias is increased the TAMR will become smaller,
as any oscillations present in the asymmetry of the local density of states cancel each
other. Such oscillations can be seen in Fig 3(b). As such, this method is most useful
when very small voltages are applied, as in this regime the current will be approximately
proportional to the local density of states in the vacuum [34, 35]. For arbitrary voltages,
however, the experimental TAMR is best determined using the spectroscopic mode, i.e.,
by measuring the differential conductivity and calculating the TAMR as [(dI/dV )⊥ -
dI/dV )‖] / (dI/dV )⊥. The differential conductivity will now be directly proportional
to the local density of states and so an immediate comparison with the theoretically
determined TAMR, as defined in Eqn. 1, can be made. This is the approach taken in
Ref. [14] and Ref. [25].
3.3. Rh adatoms on Mn/W(110)
As we have seen, the SOC effect is quite weak in elements from the 3d series. One
method to increase the TAMR effect would be to adsorb a heavier element, from the
4d or 5d series, as the strength of the spin-orbit interaction in atoms increases quickly
with its nuclear charge. In this section and the next, we will consider the effect of a
Rh (Z = 45) and an Ir (Z = 77) adatom on the TAMR effect. Both atoms are valence
isoelectronic to Co and non-magnetic but, as we have shown, develop a small magnetic
moment when adsorbed on the surface due to a spin-dependent hybridization with the
magnetic Mn atoms on the surface. The LDOS of the Rh d-states is plotted in Fig. 4(c)
and (d). The spin splitting of the Rh adatom is significantly reduced compared to the
magnetic Co atom with the majority dz2 states moving by 0.45 eV closer to the Fermi
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Figure 4. (Color online) (a) LDOS in the vacuum evaluated at 6 A˚ above the Rh
adatom on Mn/W(110) for spin-quantization axes aligned parallel to the [11¯0] direction
(blue, dashed) and perpendicular (red, solid) to the film plane. (b) TAMR effect of
the data presented in (a) according to Equation. (1). The red dashed line refers to the
anisotropy of the LDOS at Rh adatom considering only the dz2 states. (c) & (d) LDOS
of the Rh adatom decomposed in terms of the orbital symmetry of the d-states. Solid
(dashed) lines refer to the magnetization direction pointing perpendicular (parallel) to
the film plane.
level. The Fermi level itself is dominated by states with minority dyz character. Similar
to the Co case, these minority states decay quickly in the vacuum so that by 6 A˚ above
the adatom states with majority dz2 character contribute more to the vacuum DOS.
Fig. 4(a) shows the vacuum density of states calculated above the Rh adatom with
the two different magnetization directions, n|| and n⊥, again at a height of 6 A˚ above
the Rh adatom. The largest differences now occur at −0.6 eV and +0.3 eV where the
former is created by changes in the minority dz2 states and the latter by changes in the
majority dz2 LDOS. These differences correspond to a TAMR effect ranging from +16%
to −15% (Fig. 4(b)). Close to the Fermi level, the effect is slightly smaller ranging from
−10% to +6% due to the smaller spin-orbit induced mixing at this energy level. Despite
the higher atomic number of Rh compared to Co, it is evident that they both exhibit
a similarly modest TAMR on this surface. This is, in part, due to the fact that Rh
10
is a non-magnetic atom with small splitting between the orbitals that are interacting
via spin-orbit coupling. The TAMR effect will be maximized for adatoms with large
magnetic moments and large spin orbit coupling strengths. While Rh, as a 4d metal,
has an increased spin orbit coupling strength compared to Co, the magnetic moment,
and hence the spin splitting of the d-states, is significantly smaller (c.f. Table 1). The
result is a slightly larger TAMR effect, but one that is relatively small considering its
atomic weight.
3.4. Ir adatoms on Mn/W(110)
3.4.1. TAMR Due to its large nuclear charge, and subsequent increased spin-orbit
coupling strength, the Ir adatom exhibits a giant anisotropy of its LDOS. This results in
a massive increase in the TAMR compared to the case for the 3d and 4d adatoms, in spite
of a small induced magnetic moment of +0.2 µB. Fig. 5(a) shows the spin-averaged local
density of states evaluated in the vacuum for the two different magnetization directions
of the Ir adatom. In contrast to the very similar local density of states presented for
the Co and Rh adatoms, here the curves for parallel and perpendicular magnetizations
present many differences throughout a large range between −1 eV and +1 eV. The
largest change is immediately visible at ≈ −0.35 eV and corresponds to a huge TAMR
effect of −50%. Closer to the Fermi level, at −60 meV, further difference in the two
vacuum density of states can be seen, leading to a TAMR effect of −30% just below
the Fermi level and +10% just above it. A closer look at the orbitally resolved local
density of states at the Ir adatom (Fig. 5(c) and (d)) shows that the first peak in the
TAMR stems mainly from a shift of the dz2 state to lower energies and broadening when
the magnetization rotates from out-of-plane to in-plane along the [11¯0] direction. The
TAMR effect at the Fermi level, is likewise due to magnetization-direction dependent
changes in the dz2 state. Changes in the minority dyz states can be seen at the same
energy. This indicates that a spin-orbit induced hybridization between these two states
generates the TAMR effect at this energy. Further evidence of the large contribution of
the anisotropy of the dz2 states alone to the TAMR can be seen clearly in Fig. 5(b) where
both curves almost coincide. The essential physics of the TAMR effect can be captured
in a simple model which was previously introduced in Ref. [25] and is summarised briefly
in the next section before being used to explain the origin of the TAMR effect for the
case of the Ir adatom.
3.4.2. Model of the TAMR The TAMR effect can be modelled using two localised
atomic states at a surface interacting via the spin-orbit interaction:
(E · 1 −H − Σ)G(E) = 1
where H is the Hamiltonian matrix:
H =
(
ǫ1 −t
−t ǫ2
)
.
ǫ1 and ǫ2, which describe the energies of the two states, and t, the hopping between
11
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Figure 5. (Color online) (a) LDOS in the vacuum evaluated at 6 A˚ above the Ir
adatom for spin-quantization axes aligned parallel to the [11¯0] direction (blue, dashed)
and perpendicular (red, solid) to the film plane. (b) TAMR effect of the data presented
in (a) according to Equation. (1). The red dashed line refers to the anisotropy of the
LDOS at Ir adatom considering only the dz2 states. (c) & (d) LDOS of the Ir adatom
decomposed in terms of the orbital symmetry of the d-states. Solid (dashed) lines refer
to the magnetization direction pointing perpendicular (parallel) to the film plane.
them, all depend on the spin-quantization axis due to the spin-orbit interaction. The
diagonal elements of the self energy matrix,
Σ =
(
−iγ1 0
0 −iγ2
)
,
describe the broadening of the peaks induced by hybridization of the atomic states
with the surface. The LDOS, n1(E) and n2(E), of the two states is then given by the
diagonal elements, Gii, of the Green’s function matrix given by ni(E) = − 1pi Im(Gii(E))
The broadening of the peaks, γ1 and γ2, as well as their positions are extracted from
the relevant LDOS of the Ir atom in Fig. 5. Here we consider the changes induced in
the LDOS of the dz2 and dxz states at approximately −0.35 eV due to changes in the
magnetization direction. Their broadening (γ1 = 0.1, γ2 = 0.22) as well as their energy
difference (ǫ1 − ǫ2 = −0.09 eV) are chosen accordingly. The mixing of the majority dz2
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Figure 6. (Color online) (a) LDOS obtained for the simple model of two atomic surface
states that exhibit different orbital symmetry, dz2 (red) and dxz (green), and couple
via SOC. The solid (dashed) line refers to the magnetization perpendicular (parallel
along [11¯0]) to the film plane. (b) Anisotropy of the LDOS calculation according to
Equation. 1 for the dz2 state in (a).
and dxz states is given by the matrix element [36]:
|〈↑, dz2|HSOC|dxz, ↑〉| = 1/2
√
3 sin θ sinφ
where HSOC = ξL · S is the Hamiltonian of SOC, ξ is the spin-orbit coupling constant,
L is the angular momentum and S is the spin. This vanishes for an out-of-plane
magnetization (φ = 90◦, θ = 0◦) and is maximal for an in-plane magnetization (φ = 90◦,
θ = 90◦) along the [11¯0] direction. The strength of spin-orbit coupling for 5d-transition
metals is on the order of 100 – 500 meV [37]. The mixing parameter, t, is therefore
chosen to be 0 meV for the out-of-plane magnetization direction and 150 meV for the
in-plane magnetization. Fig. 6 shows the result of the model for the case of a Ir adatom
adsorbed on the Mn/W(110) surface. The LDOS of the dz2 and dxz states are enhanced
for the out-of-plane magnetization and exhibit a small energy shift in the position of the
peak with respect to the LDOS of the in-plane magnetization. This is in agreement with
the results of the DFT calculation shown in Fig. 5(c) and (d). The anisotropy of the
LDOS is shown in Fig. 6(b) and is obtained by taking only the dz2 states into account as
these states survive longer in the vacuum. The resulting shape is similar to the TAMR
calculated from the DFT in an energy window between −0.55 eV and −0.32 eV. Outside
this energy region several more states come into play and this model cannot hope to
reproduce their interactions. Finally, we note that spin orbit coupling will contribute a
cos2 θ angular dependence to the LDOS, and hence the tunnelling current, due to the
shape of the matrix elements determined the mixing between the d-states [36] (assuming
no rotation in-plane, i.e., φ = 0). This will be in addition to the standard cos θ angular
dependence of the spin-polarised part of the tunnelling current (i.e., without SOC).
3.4.3. Spin Polarization As for the Rh adatom, the hybridization between the Mn
atoms of the surface and the Ir adatom leads to a spin polarization of the latter. This
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can be seen by comparing the spin-resolved LDOS of the Ir atom and its neighbouring
Mn atoms as shown in Fig. 7(a) and (b). The strong hybridization is evident in the
nearest neighbour Mn majority 3d-states and Ir 5d-states at −0.25 eV as well as in
the minority spin channel at −3.1 eV, −1.2 eV and at the Fermi level. The reduced
exchange splitting of the Mn atoms compared to Mn on a clean surface results in a
smaller magnetic moment in these atoms after the deposition of the Ir adatom compared
to the clean surface: +2.8 µB compared to +3.5 µB (see Table 1). As was stated earlier,
the small exchange splitting of the Ir states leads to an induced magnetic moment of
+0.2 µB. Despite the small magnetic moment, the spin polarization of the adatom can
be large. This is shown in Fig. 7(c). For example, the hybridization-induced presence
of the majority dz2 state at −0.25 eV results in a very large spin polarization of ≈ 60%.
In contrast, the dominant minority states at the Fermi level have dyz and dxy symmetry
resulting in a large negative spin polarization of −45% at the Ir adatom. Using a
magnetic STM tip, one can then be sensitive to the spin polarization in the vacuum. In
Fig. 7(e) we show the spin polarization in the vacuum defined as:
P (z, ǫ) =
n↑(z, ǫ)− n↓(z, ǫ)
n↑(z, ǫ) + n↓(z, ǫ)
(2)
where n↑(↓)(z, ǫ) is the spin-resolved LDOS calculated in the vacuum at a distance, z,
from the surface. At the Fermi level it is clear that there is a change in sign in spin
polarization as one moves away from the surface, going from −45% at the Ir adatom
(Fig. 7(c)) to +71% at a height of 6 A˚ above the Ir atom (Fig. 7(e)). As a comparison,
the spin polarization of Rh reaches 62% in the vacuum at this height while the Co
adatom reaches 51%. This sign change, between the surface and the vacuum, can be
explained by considering the orbital decomposition of the Ir atom as shown in Fig. 5(c)
and (d). As for the Co and Rh adatoms, the density of states at the Fermi level is
dominated by minority states with dyz and dxy symmetry while the density of majority
states is smaller and comprised mainly of dz2 states. Close to the adatom, it is the
minority states that generate the negative spin polarization. However, these states
decay very quickly in the vacuum compared to states with dz2 character. Far from the
surface, states with majority s, pz and dz2 symmetry all contribute to the vacuum LDOS
and the spin polarization. In contrast, for the case of Co it is primarily the majority
s states which dominate in the vacuum [7]. This difference can be explained by the
significantly smaller spin-splitting of the Ir atom d-states compared to that of the Co
d-states, leading to a much higher density of Ir dz2 states at the Fermi level. This
modification of the substrate spin polarization due to a non-magnetic adsorbent was
shown previously to occur for the case of small molecules adsorbed on the same surface
[38]. In order to visualise these orbital symmetries, Fig. 8 shows the spin-resolved local
density of states integrated in a small energy window below the Fermi energy for the Ir
atom adsorbed on the Mn/W(110) surface. By using a magnetic STM tip it is possible
to image both spin channels separately as demonstrated in Ref. [7] for Co adatoms.
This allows one to view the rotationally symmetric orbitals available in the majority
spin channel (Fig. 8(a) and (c)), while a double-lobed structure, corresponding to the dyz
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Figure 7. (Color online) Spin-resolved LDOS of Mn atoms in the Mn ML on W(110)
(both nearest neighbour (nn) and next nearest neighbour (nnn) with respect to the Ir
adatom). (b) Spin-dependent LDOS of the Ir adatom. (c) Spin polarization of the Ir
adatom calculated according to Equation. (2). (d) LDOS in the vacuum 6 A˚ above
the Ir adatom. (e) Spin polarization of the vacuum LDOS presented in (d).
state, is visible in the minority spin channel (Fig. 8(b) and (d)). However, the magnitude
of the minority charge density is considerably smaller than that of the majority charge.
Therefore, when using a non-magnetic tip, which results in an averaging of both spin
channels, only the majority spin channel will be visible. A similar picture emerges for
the case of the Rh adatom and was previously shown for the case of the Co adatom [7].
Fig. 8(c) and (d) show slices of the majority and minority charge density perpendicular
to the surface along the [11¯0] direction. Finally, Fig. 8(e) shows a slice of the spin
polarization determined according to Eqn. 2, where the spatial distribution can be seen
more clearly. Directly above the adatom, the spin polarization changes sign quickly; by
approximately 1 A˚ above the adatom it has reversed sign. Directly above one of the
nodes of the minority dyz orbital, however, the spin polarization remains negative for
a larger distance above the adatom. This inversion of spin polarisation with distance
from the surface was shown previously to occur above Fe adatoms on an Fe(001) surface
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Figure 8. (Color online) Spin-resolved partial charge density in the vacuum 3.0 A˚
above an Ir adatom adsorbed onto a Mn/W(110) substrate, calculated for occupied
energy levels in the energy range of [−10 meV, EF ]. (a) shows the majority contribution
to the charge density, (b) the minority contribution, (c) a slice of the majority charge
density through the Ir adatom and perpendicular to the surface plane along [11¯0] and
(d) a slice of the minority charge density through the Ir adatom and perpendicular to
the surface plane along [11¯0]. (e) Slice of the spin polarization calculated according to
Eqn. 2 for the data presented in (c) and (d).
[39].
4. Summary and Conclusions
In summary, we have calculated from first-principles the tunnelling anisotropic
magnetoresistance effect above single transition-metal atoms adsorbed on a monolayer
of Mn on W(110). The spin spiral ground state of this surface provides a magnetic
template for adatoms, such that their spins can adopt any of the spin directions offered
by the spiral. Here, we have calculated explicitly the two limiting cases - when the
magnetization direction points out-of-plane or in-plane along the propagating direction
of the spiral. We find a large anisotropic magnetoresistive effect that increases with
the nuclear charge of the adatom, rising to a maximum value of approximately 50%
for the case of an adsorbed Ir adatom at 0.35 eV below the Fermi level. We use a
simple model to show the TAMR effect at this atomic limit is driven by magnetization
direction dependent mixing of the adatom orbitals. In addition, we find that the 4d
and 5d adatoms experience a spin splitting, induced by their hybridization with the
surface, that leads to large spin polarizations in the vacuum. Our results demonstrate
16
that the deposition of transition-metal adatoms can be used to determine whether or not
noncollinear magnetic ordering is present on magnetic surfaces and that the magnitude
of this effect can be increased dramatically using 5d adatoms. To date, studies of
the TAMR of single adatoms using an STM tip have been performed by exploiting the
domain and domain wall structures of ferromagnetic surfaces. We propose that the use of
a spin-spiral surface removes, to a great degree, the constraint imposed by the substrate
magnetization direction, and opens up the possibility to study the angular dependence
and the magnitude of the TAMR effect on individual adatoms. We emphasise that this
effect will be seen even with a non-magnetic STM tip.
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